Being able to accurately characterise the terahertz performance of simple metal conductors is very important for the CAD modelling of components, circuits and systems operating at these frequencies. A comprehensive survey of published experimental data for the room temperatnre surface resistance of simple metals, from DC up to the edge of the mid-infrared frequency range, has been undertaken. It has been found that, with the optical measurements performed within the far-IR region, there does not appear to be an anomalous mtrinsic conduction loss phenomenon at room temperature; this is in direct contradiction to the findings of other research groups. This is because the non-optical measurement approaches adopted by Tischer, Schwab el al. and Batt et al. are fundamentally flawed, since anomalous findings could be attributed to one or more factors that were not taken into account.
INTRODUCTION
Worldwide, there are many commercial companies involved in the modelling, design and manufacture for systems operating at upper-millimetre-wave frequencies (e.g. from circa 100 to 300 GHz) and beyond. To date, these frequencies find only specialist applications. However. frequency figures-ofmerit for diodesltransistors and their associated interconnects continue to increase. As a result, it is inevitable that new and ubiquitous applications will emerge above circa 100 GHz; from environmental air qnality/pollution monitoring to sophisticated security tagging/idenWication systems to ultra-high speed opto-electronics.
Commercial CAD software packages, used for performing 3D electromagnetic simulation, can be very accurate when designing structures for operation at RF and microwave frequencies (i.e. below circa 30 GHz). However, such software relies on the very accurate characterization of its materials; otherwise, even the smallest of errors in material models could adversely propagate through any subsequent device/component modelling and into the circuit, sub-systems and systems simulations. With conductors, vely accurate frequency dispersion models for intrinsic hulk conductivity are required to underpin all of the many extrinsic conduction loss models.
With dielectrics & semiconductors, the associated dielectric constant and loss tangent (or their equivalent optical constants) are used in the solution of Maxwell's equations. For more than two decades, many dielectrics & semiconductors have been accurately characterised from DC to sub-mmwave frequencies. This has not been the case for metal conductors. The optical constants for metals (from empirical data and modelling) are only available at far-infmd and shorter wavelengths, because it is generally accepted that no anomalous intrinsic frequency dispersion exists at longer wavelengths. As a result, all electromagnetic CAD packages employ the classical skin-effect model, by default at room temperature, even when used well into the terahertz frequency range. However, a number of research groups worldwide have reported discrepancies between loss measurements and classical theoretical predictions for simple mm-wave and sub-mm-wave stmctures [ 1-81; this phenomenon has been attributed to some form of anomalous intrinsic frequency dispersion that can exist within simple metal conductors at room temperature [l-5, 81 and subsequently widely disseminated in reputable books .
A comprehensive survey of published experimental data for the room temperature surface resistance of simple metals, from DC up to the edge of the m i d -i n f d frequency range, has been undertaken. A summaq of the results is shown in Fig. 1 
DATA SELECTION AND REPRESENTATION
There is a great deal of published data, reported by many researchers worldwide, for the room temperature measurements of many metals at temhertz frequencies. However, since only very high electrical conductivity metals are of interest for carrying signals, using low loss interconnects and transmission line structures, only silver, copper, gold and aluminium will be considered.
Because of problems associated with material prepamtion (i.e. undesirable physical bulk properties and extrinsic loss effects), choice of device-under-test, metrology and spectral absorption lines, only a few examples were appropriate for selection. Below approximately the lowest spectral absorption line frequency, the contribution of bound electrons is overshadowed by the strength of intraband transitions of free-electrons. These intmband transitions do not give rise to a spectral feature in the optical constants of metals. As a result, there is a structureless plateau in the power reflection coefficient (i.e. reflectance). However, in order to minimise any contribution from bound elect", the maximum frequency of interest should stay within the far infmed frequency range.
Excess Conduction Loss Factor
In order to provide a quantitative measure to describe the deviation from the classical frequency dispersion models, some form of figure-of-merit is needed. At mm-wave frequencies and above, since it is much simpler to perform power measurements in preference to determining complex parameters directly, the excess conduction loss factor, Aa, can be used: 
Classical Surface Resistance Renormalization
The classical surface impedance, Z , , is calculated using bulk DC values of conductivity, ow Ideally, these values should be measured directly from the target samples, in-situ, -e.g. using the &point probe test. However, many researchers take values from one of many available reference sources for convenience. Unfortunately, unless specifid, the exact temperamre used and all the various physical (i.e. intrinsic bulk and extrinsic) properties are unknown For this reason, it can be difficult to choose a "standard" value that can be adopted for use in calculating the renormalization surface resistance. One source of reference that is commonly used is the "CRC Handbook of Chemistry and Physics". This give values for polycrystalline metals at a specific temperature of 2OoC [ll] . As a result, this crystalline ~t u r e and temperature will be adopted as reference. The rational for this is that both evaporation and sputtering (followed by annealing) are the two main methods for metal deposition in microfabrication processing; also 20°C is the most commonly cited value of room tempemture.
To this end, a process of Aa renormalization is required.
Another form of renormalization may also be necessary if measurements are performed at one temperature, T,,,, and the normalizing surface resistance is quoted for another temperature, TM It should he noted that, because the temperature dependency of both R, and R. should be the same, the conduction loss factor should be temperature independent, i.e. A&(TJ = Aq,(Td, Fig. 1, for both classical are shown in Fig. 1 , for both classical surface resistance models.
Schwah and Heidineer Measurements at 145 GHz 16-71
Open resonators are used for dielectric and (super-) conducting material characterization at mm-wave frequencies. A 145 GHz measurement setup was created, using a quasi-hemispherical Fabry-Perot resonator. An electropolished spherical mirror was made out of electrolytic copper and the plane mirror was made out of the target sample metal (polished with diamond tools, to create plane surfaces of optical quality). Measurements wercnndertaken on silver, copper and aluminium, between 20 K and 340 K -but only the results at 20°C are considered here. It is assumed that the effects of coupling holes did not create significant additional losses. Values of effective surface resistance for silver and copper and also the Q-factor for aluminium were extracted from measurement graphs [7] . The results of excess conduction loss calculations are shown in Fig. 1. 
Batt, Jones and Harris Measurements at 890 GHz I81
Surface impedance can be found if both the incident and absorbed power levels can be determined. With the latter, a 2 x 4 mm2 pyroelectnic detector was employed. This was coated on one surface with a 1 pm thick layer of evaporated gold. The surface was then exposed to laser radiation, at normal incidence, where the chopped incidence power was approximately 1 mW. The gold film heats up and the detector's output voltage recorded. The HCN laser radiation, with its spectral line at 337 pm and frequency of 890 GHz, was then removed. The detector's output voltage of equivalent magnitude was then obtained by passing a low frequency (at half the laser's chopping frequency) current through the gold film, in order to heat it by the same amount as the laser. The absorbed power level was then calculated from low frequency current and voltage measurements. The results of excess conduction loss calculations are shown in Fig. 1 . It can be clearly seen that these results give the greatest deviation from the classical theory line. The researchers, from the UK's National Physical Laboratory, concede that this experimental approach has many limitations.
Oatical Measurements 122-241
The optical properties of metals are usually characterised by the complex refractive index, n = n ' -j n ", where n ' = index of refraction and n " = exainction coefficient [ 11, [17] [18] [19] [20] [21] [22] [23] [24] . Within the far infra-red (IR) region, normal-incidence reflectivity-amplitude measurements can be made. Dmde's relaxation-effect model, represented by (2), can be used to fit the measured reflectance data. Bennett ef al. reported far-IR reflectance measurements for silver (99.999 % purity), gold (99.999 % purity) and aluminium [22] . These samples were evaporated on super-smooth fused qnartz optical flats and measured in an ultra-high vacuum (LJHV), 5 x torr, environment. This environment was deliberately chosen to avoid a layer of silver sulphide and aluminium oxide from building up on the silver and aluminium samples, respectively.
In addition to the work of Bennett et al., Brandli et al. reported measurements for gold that extended below 1 THz, using the parallel plate waveguide transmission line technique [23] . They too used Dmde's relaxation-effect model to fit measured data. The results of excess conduction loss calculations from both groups of researchers are shown in Fig. 1 . Using the classical relaxation-effect model as reference, it can be clearly seen that the excess conduction loss factor is within 10 % of the predicted values between 2.4 THz and 12. 5 THz, for all samples reported from both groups of researchers. Moreover, with the results using data from Brandli et al., excess conduction loss factor gently climbs to 18 %, as frequency decrease down to 0.9 THz. Therefore, from the optical measurements performed within the far-IR regioq there does not appear to be a room temperamre anomalous conductionloss phenomenon; this is in direct contradiction to the findings of 
DISCUSSION and CONCLUSIONS
The results of excess conduction loss factor, measured using completely different techniques, and by different research groups worldwide, have been compiled, renormalized and presented for comparison, It can be clearly seen in Fig. 1 The results from this comparative study strongly suggests that Dmde's simple relaxation-effect model works well from DC to the edge of the mid-infrared frequency range, for these simple metals. This finding dispels any myth that anomalous intrinsic conduction loss in simple metals exists at room temperahue. This is good news for metrology between 110 GHz and circa 12 THz, as traceability in the primary reference surface impedance or reflectance standards need to be easily and accurately characterised. 
